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METHOD OF PREPARING 
POLYCARBONATE 

BACKGROUND OF THE INVENTION 

The present invention relates to a method of preparing 
polycarbonate. 

Polycarbonates are generally produced through one of tWo 
types of processes: an interfacial process or a melt transes 
teri?cation process. In the melt transesteri?cation process, 
dihydroxy compounds such as biphenol A are reacted With a 
carbonic acid diester. For many purposes, the carbonic acid 
diester may be a diaryl carbonate such as diphenyl carbonate. 

It is also knoWn to use the melt transesteri?cation process 
With activated diaryl carbonates. For example, U.S. Pat. No. 
4,323,668 describes a polycarbonate transesteri?cation pro 
cess comprising reacting (or‘tho-alkoxycarbonylaryl)carbon 
ates and a dihydric phenol under transesteri?cation reaction 
conditions. In the speci?c examples, U.S. Pat. No. 4,323,668 
makes uses of bis-methylsalicylcarbonate (BMSC) as the 
diaryl carbonate. Use of activated diaryl carbonates is also 
described in U.S. Pat. Nos. 6,420,512, 6,506,871, 6,548,623, 
6,790,929, 6,518,391, US 2003/0139529, and US 2003/ 
0149223. When these activated carbonates are used, internal 
residues and end-caps derived from the activated diaryl car 
bonate are incorporated into the ?nal polymer. See, US patent 
Publication No. 20030050427 and 20030149223. 

SUMMARY OF THE INVENTION 

Applicants have noW found that polycarbonates incorpo 
rating terminal carbonate groups derived from ester-substi 
tuted activated carbonates, for example terminal methyl sali 
cyl carbonate (TMSC) derived from the use of BMSC as the 
activated carbonate in a transesteri?cation process, have 
unfavorable properties With respect to color, hydrolytic sta 
bility and thermal stability, particularly When the polycarbon 
ate containing such end groups is molded. The present appli 
cation provides a method for reducing the number of activated 
carbonate end groups formed during the melt transesteri?ca 
tion formation of polycarbonate, Without sacri?cing the ben 
e?ts of using an activated diaryl carbonate, and Without 
requiring a separate reaction or additional additives. 

In accordance With the method of the present invention, 
polycarbonate is prepared by reacting a dihydroxy reaction 
component comprising a dihydroxy compound With a car 
bonate reaction component comprising an activated diaryl 
carbonate in the presence of monofunctional chainstopper 
reagent, and an esteri?cation catalyst. In some embodiments 
of the invention, the chainstopper reagent is a monhydroxy 
chainstopper such as phenolic chainstopper of the formula 

\ 

Where each substituent R is independently selected from the 
group consisting of alkyl, aryl, alkaryl having from 1 to 30 
carbon units, and hydrogen; andx is an integer betWeen 1 and 
5; but the substituent R is not an ester or other strongly 
activating or electron-Withdrawing substituent. In other 
embodiments of the invention, the monofunctional chain 
stopper is a mono-acid (such as etaric acid), a mono-ester 
(such as the phenyl ester of stearic acid) or a mono-activated, 
asymmetric carbonate. 
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2 
The chainstopper may be added at any point in the reaction, 

for example to the initial monomer mix, or during oligomer 
iZation or polymerization stages. To obtain the reduction in 
activated carbonate-derived end groups and internal ester 
linkages noted above, the reaction conditions of time and 
temperature, and the amount of the chainstopper used are 
selected to yield a polymer having end groups derived from 
the monofunctional chainstopper in amounts of from 35 to 65 
mol % of the total end groups. In further preferred embodi 
ments, the ending polymer has end groups derived from the 
activated diaryl carbonate and from the chainstopping reagent 
at a combined total level of betWeen 40 and 66% of the total 
end groups. 

In an embodiment of the method of the invention, this is 
achieved by using a molar ratio of carbonate reaction com 
ponent to the total of dihydroxy reaction component plus 1/2 
the chainstopping reagent that is less than 1 When expressed 
to at least three decimal places, for example 0.996 or less. In 
speci?c embodiments, the ratio is betWeen 0.962 and 0.996, 
for example betWeen 0.968 and 0.996. In another speci?c 
embodiment, the ratio is betWeen 0.971 and 0.994. 

Polycarbonates made in accordance With the methods of 
the invention have desirable properties not generally found in 
polycarbonates made according to other previously knoWn 
methods, and are structurally different from suchpolycarbon 
ates. The polycarbonates made in accordance With an 
embodiment of this invention are structurally similar to poly 
carbonates made using the method of concurrently ?led U.S. 
patent application Ser. No. 1 1/427,861, Which is incorporated 
herein by references. Thus, the polycarbonates made in accor 
dance With an embodiment of the invention have both loW 
levels of terminal ester-substituted carbonate end groups, for 
example less than 0.5 mole %, a non-salicylate OH to carbon 
ate end group ratio of at least 0.1, and loW levels of Fries 
rearrangement products, for example less than 1000 ppm. 
Further, the resulting polycarbonates contain loW levels of 
residual free salicylates, for example less than 500 ppm. As a 
result, the resulting polycarbonate composition is suited to 
molding applications, because it retains transparency Without 
discoloring When subjected to elevated molding tempera 
tures. In addition, hoWever, the polycarbonates of the present 
invention also include terminal residues derived from the 
chainstopper employed in making them. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA-I shoWs various types of end groups that can form 
When polycarbonate (PC) is formed using bisphenol A and an 
activated carbonate. 

FIG. 1] shoWs the structure of an internal ester linkage 
Which can form When an ester-substituted diaryl carbonate 
BMSC is used in a reaction With bisphenol-A. 

FIG. 2 shoWs the normal desired reaction in the production 
of polycarbonate using a dihydroxy compound and BMSC as 
the ester-substituted diaryl carbonate. 

FIGS. 3A-B shoW side reactions through Which by-prod 
ucts such those depicted in FIGS. lB-F can occur during the 
process of FIG. 2. 

FIG. 4 shoWs the reaction of polymers With TMSC end 
groups can react to form polymers With greater molecular 
Weight. 

FIG. 5 shoWs an apparatus used in preparing the examples 
of the invention and comparative examples. 
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DETAILED DESCRIPTION OF THE INVENTION 

De?nitions 

As used in the speci?cation and claims of this application, 
the following de?nitions, should be applied: 

a , an”, and “the” as an antecedent refer to either the 

singular orplural. For example, “an aromatic dihydroxy com 
pound” refers to either a single species of compound or a 
mixture of such species unless the context indicates other 
W1se. 

“end groups” refer to the terminal group on the ends of 
chains in the polycarbonate. FIGS. 1A-1F shoWs examples of 
some of the types of different end groups that can form When 
polycarbonate (PC) is formed used bisphenol A and an acti 
vated ester-substituted diaryl carbonyl such as BMSC. FIG. 
1A shoWs a portion of a BPA polycarbonate, With an internal 
carbonate linkage and a free OH end group. PC represents the 
balance of the polycarbonate chain. FIG. 1B shoWs a gener 
aliZed structure of an activated carbonate end group in Which 
X is one or more electron-Withdrawing substituents at the 

ortho and para positions. FIG. 1C shoWs the structure of 
salicyl carbonate end group, Where R is an alkyl (for example 
methyl, ethyl, propyl, butyl or pentyl), phenyl or benZyl 
group. FIG. 1D shoWs a methyl salicyl carbonate end group 
(T-MSC). FIG. 1E shoWs a salicyl-OH end group. FIG. 1F 
shoWs a non-activated carbonate end groups in Which R is 
de?ned as in FIG. 1C. For example, such end groups may be 
formed from the transesteri?cation reaction to incorporate the 
alcoholic byproduct (e.g. methanol) formed from the 
hydrolysis or transteri?cation reaction of the salicyl ester of 
an activated carbonate (e.g. BMSC or T-MSC). FIG. 1G 
shoWs a non-activated end group that can result from the use 
of chain stoppers such as para-cumyl phenol (PCP). Y is 
independently hydrogen, alkyl, aryl or aralkyl, and n is an 
integer between 1 and 5, inclusive. FIG. 1H shoWs a further 
form of non-salicylate OH end group. In FIG. 1H, R is option 
ally substituted linear or branched alkyl, phenyl, aryl or 
aralkyl. FIG. II shows an ether end group, for example, as 
may be formed by a SN2 reaction of a free OH of a phenolic 
end group like BPA (FIG. 1A) and the methyl ester functional 
group on methyl salicylate, BMSC, or terminal methyl sali 
cylate (T-MSC). Such a reaction results from the nucleophilic 
attack of a phenolic anion on the methyl ester to expel an 
acidic carboxylic acid leaving group. 

In the speci?cation and claims of this application, the 
mol % of an end-group or type of end-group is expressed as a 
mole percentage of the dihydroxy compound incorporated in 
the polymer. There are several Ways of measuring this Which 
are discussed beloW. 

“Non-salicylate OH to carbonate end group ratio” as used 
herein refers to the mol % ratio of OH end groups of the type 
shoWn in FIG. 1A or 1H to carbonate-derived end groups 
(activated and non-activated) of the types shoWn in any of 
FIGS. 1B to 1D, and FIGS. 1F to 1H. In accordance With the 
reverse ratio embodiments of the invention, the ratio is at least 
0.01, for example at least 0.2, 0.3, or 0.4. This ratio distin 
guishes the product formed using the method of the present 
invention from that formed When excess activated diaryl car 
bonate is used. When the reaction goes to completion in the 
latter case, no appreciable amount of free, non-salicylate OH 
end groups derived from the dihydroxy compound remains. 

This ratio distinguishes the product formed using the 
method of the present invention from that formed When 
excess activated diaryl carbonate is used. When the reaction 
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goes to completion in the latter case, no appreciable amount 
of free, non-salicylate OH end groups derived from the dihy 
droxy compound remains. 
As used herein the term “Fries product” or “Fries rear 

rangement product” is de?ned as a structural unit of the 
product polycarbonate Which upon hydrolysis of the product 
polycarbonate affords a carboxy-substituted dihydroxy aro 
matic compound bearing a carboxy group adjacent to one or 
both of the hydroxy groups of said carboxy-substituted dihy 
droxy aromatic compound. For example, in bisphenol A poly 
carbonate prepared by a melt reaction method in Which Fries 
reaction occurs, the Fries product includes those structural 
features of the polycarbonate Which afford 2-carboxy bisphe 
nol A species upon complete hydrolysis of the product poly 
carbonate. 
One method to characterize Fries rearrangement products 

is by means of proton NMR. The Fries structures character 
iZed in this analysis include: 

Linear Fries: 

MOAOXAQOH 
o//C\O°"1q 

Acid Fries: 

WOAQXAQOM 
O//C\OH 

Branched Fries: 

Wherein X represents, for example, one of the groups of 
formula: 

Wherein R l and R2 each independently represent a hydrogen 
atom or a monovalent linear or cyclic hydrocarbon group and 
R3 is a divalent hydrocarbon group. 
The terms “Fries reaction” and “Fries rearrangement” are 

used interchangeably herein. 
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“internal-ester carbonate linkage” or “IEL” refers to a link 
age derived from an ester- sub stituted diaryl carbonate that is 
formed internally in place of the normal carbonate linkage. 
FIG. 1H shoWs the structure of an internal ester linkage, and 
FIGS. 3A and 3B shoW reactions to form such internal ester 
linkages. 

“polycarbonate” refers to an oligomer or polymer compris 
ing residues of a dihydroxy compound joined by carbonate 
linkages. In certain embodiments of the invention, the poly 
carbonate comprises residues of an aromatic dihydroxy com 
pound and has a number average molecular Weight, Mn mea 
sured relative to polystyrene (PS) standards of betWeen 
10,000 g/mol and 160,000 g/mol. In speci?c embodiments, 
the Mn measured relative to PS is betWeen 13,000 g/mol and 
160,000 g/mol, for example betWeen 15,000 g/mol and 160, 
000 g/mol. In another embodiment, the Mn (PS) is betWeen 
15,000 g/mol and 102,000 g/mol. The term “polycarbonate” 
encompasses poly(carbonate-co-ester) oligomers and poly 
mers. 

“dihydroxy reaction component” refers to one component 
of the reaction mixture used in the method of the invention to 
make polycarbonate. The dihydroxy reaction component 
comprises one or more dihydroxy compounds. In addition, 
When the product polycarbonate is a poly(carbonate-co-es 
ter), diacids incorporated in the reaction mixture are part of 
the dihydroxy reaction component for determining the molar 
ratio of the reactants. 

“carbonate reaction component” refers to a second com 
ponent of the reaction mixture used in the method of the 
invention to make polycarbonate. The carbonate reaction 
component comprises one or more activated diaryl carbon 
ates. In addition, When the product polycarbonate is a poly 
(carbonate-co-ester), diesters incorporated in the reaction 
mixture are part of the carbonate reaction component for 
determining the molar ratio of the reactants. 
As used herein, the molar ratio of carbonate reaction com 

ponent to dihydroxy reaction component refers to the molar 
ratio based on the amounts of these components as added. As 
noted beloW, there are various factors that can cause a speci?c 
reaction to depart from the theoretical, including impurities, 
reduced activity of monomers used in making poly(carbon 
ate-coesters), and these incidental variations are not taken 
into account in determining the molar ratio. 

Numerical values in the speci?cation and claims of this 
application, particularly as they relate to polymer composi 
tions, re?ect average values for a composition that may con 
tain individual polymers of different characteristics. Further 
more, unless indicated to the contrary, the numerical values 
should be understood to include numerical values Which are 
the same When reduced to the same number of signi?cant 
?gures and numerical values Which differ from the stated 
value by less than the experimental error of conventional 
measurement technique of the type described in the present 
application to determine the value. 

Materials 
In the folloWing discussion of the methods and composi 

tions of the invention, the folloWing materials may be 
employed: 

A. Dihydroxy Compounds 
The dihdroxy compound used in the method of the inven 

tion may be an aromatic or an aliphatic dihydroxy compound. 
In certain embodiments, an aromatic dihydroxy compound is 
preferred. 

Aliphatic dihydroxy compounds that are suitably used in 
the present invention include Without limitation butane-1,4 
diol, 2,2-dimethylpropane-1,3-diol, hexane-1,6-diol, diethyl 
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6 
ene glycol, triethylene glycol, tetraethylene glycol, octaeth 
ylene glycol, dipropylene glycol, N,N 
methyldiethanolamine, cyclohexane-1,3-diol, cyclohexane 
1,4-diol, 1,4-dimethylolcyclohexane, p-xylene glycol, 2,2 
bis(4-hydroxycyclohexyl)propane, and ethoxylated or 
propoxylated products of dihydric alcohols or phenols such 
as bis-hydroxyethyl-bisphenol A, bis-hydroxyethyl-tetra 
chlorobisphenol A and bis-hydroxyethyl-tetrachlorohydro 
quinone. Other aliphatic dihydroxy compounds include 3,9 
bis(2-hydroxyethyl)-2,4,8,10-tetraoxaspiro[5.5]undecane, 
3,9-bis(2-hydroxy-1,1-dimethylethyl)-2,4,8,10-tetraoxas 
piro[5.5]undecane, 3,9-bis(2-hydroxy-1,1-diethylethyl)-2,4, 
8,10-tetraoxaspiro[5.5]-undecane, and 3,9-bis(2-hydroxy-1, 
1 -dipropylethyl)-2,4,8,10-tetraoxaspiro[5.5]undecane. 
Aromatic dihydroxy compounds that can be used in the 

present invention are suitably selected from the group con 
sisting of bisphenols having structure, 

Wherein R3 -R10 are independently a hydrogen atom, halogen 
atom, nitro group, cyano group, Cl-C2O alkyl radical, C4-C2O 
cycloalkyl radical, or C6-C2O C aryl radical; W is a bond, an 
oxygen atom, a sulfur atom, a SO2 group, a C l-C2O aliphatic 
radical, a C6-C2O aromatic radical, a C6-C2O cycloaliphatic 
radical, or the group 

wherein R11 and R12 are independently a hydrogen atom, 
Cl-C2O alkyl radical, C4-C2O cycloalkyl radical, or C4-C2O 
aryl radical; or R11 and R12 together form a C4-C2O 
cycloaliphatic ring Which is optionally substituted by one or 
more Cl-C2O alkyl, C6-C2O aryl, C5-C21, aralkyl, C5-C2O 
cycloalkyl groups, or a combination thereof; dihydroxy ben 
Zenes having structure 

wherein R15 is independently at each occurrence a hydrogen 

atom, halogen atom, nitro group, cyano group, Cl-C2O alkyl 
radical, C4-C2O cycloalkyl radical, or C4-C2O aryl radical, d is 
an integer from 0 to 4; and dihydroxy naphthalenes having 
structures 
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4,4'-dihydroxydiphenylthioether; 1 ,3 -bis(2-(4 -hydroxyphe 
nyl)-2-propyl)benZene; 

1 ,3 -bis (2 - (4 -hydroxy-3 -methylphenyl) -2 -propyl)benZene; 
1,4-bis(2-(4 -hydroxyphenyl) -2 -propyl)benZene and 
1 ,4-bis(2-(4 -hydroxy-3 -methylphenyl) -2 -propyl)benZene. 

Suitable dihydroxy benZenes are illustrated by hydro 
quinone, resorcinol, methylhydroquinone, butylhydro 
quinone, phenylhydroquinone, 4-phenylresorcinol and 4-me 
thylresorcinol. 

Suitable dihydroxy naphthalenes are illustrated by 2,6 
dihydroxy naphthalene; 2,6-dihydroxy-3-methyl naphtha 
lene; and 2,6-dihydroxy-3-phenyl naphthalene. Other suit 
able dihydroxy naphthalenes IV are illustrated by 1,4 
dihydroxy naphthalene; 1 ,4-dihydroxy-2 -methyl 
naphthalene; 1,4-dihydroxy-2-phenyl naphthalene and 1,3 
dihydroxy naphthalene. 

The relative amounts of monomers are selected based on 
the desired composition of the oligomers. If other comono 
mers are used, they can be introduced to the melt reaction 
system as part of the same feed, in a separate feed, or both. 
The polycarbonate formed from these monomers may be a 

homopolymer, a random copolymer, or a random block 
copolymer To form random block copolymers, preformed 
oligomer or polymer blocks With appropriate end groups 
(diols, diacids, diesters, etc) are used as co-reactants in the 
polymeriZation process. 

Preferred dihydroxy compounds and combinations of 
dihydroxy compounds for use in the present invention include 
BPA, hydroquinone, and sulfones such as 4,4'-biphenyl sul 
fone. 

B. Activated Carbonate 
As used herein the term “activated carbonate” is de?ned as 

a diarylcarbonate Which is more reactive than diphenyl car 
bonate toWard transesteri?cation reactions. Such activated 
carbonates are of the general formula: 

Wherein Ar is a substituted aromatic radical having 6 to 30 
carbon atoms. The preferred activated carbonates have the 
more speci?c general formula: 

0 

Wherein Q and Q' are each independently activating groups.A 
and A' are each independently aromatic rings Which can be the 
same or different depending on the number and location of 
their sub stituent groups, and n or n' are Whole numbers of Zero 
up to a maximum equivalent to the number of replaceable 
hydrogen groups substituted on the aromatic rings A and A', 
Wherein n+n' is greater than or equal to 1. R and R' are each 
independently sub stituent groups such as alkyl, substituted 
alky, cycloalkyl, alkoxy, aryl, alkylaryl having from 1 to 30 
carbon units in length, cyano, nitro, halogen, and car 
boalkoxy. The number of R groups is a Whole number and can 
be 0 up to a maximum equivalent to the number of replaceable 
hydrogen groups on the aromatic rings A minus the number n. 
The number of R' groups is a Whole number and can be 0 up 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
to a maximum equivalent to the number of replaceable hydro 
gen groups on the aromatic rings A minus the number n'. The 
number and type of the R and R' sub stituents on the aromatic 
ring are not limited unless they deactivate the carbonate and 
lead to a carbonate Which is less reactive than diphenylcar 
bonate. Typically, the location of the R and R' substituents on 
the aromatic ring are any one or any combination of the para 
and/or tWo ortho positions. 

Non-limiting examples of activating groups Q and Q' are: 
alkoxycarbonyl groups, halogens, nitro groups, amide 
groups, sulfone groups, sulfoxide groups, imine groups, or 
cyano groups With structures indicated beloW: 

Rl 
N/ 
U Q 

Q : C\M Q I Halogen or NO; 

1 
Q: —Y 

\M 
Y :c,N, s, so 

Z I o, N 
M I N-Dialkyl, Alkyl, Aryl, Aryloxy, Alkoxy 

R1 I Alkyl or Aryl 

Speci?c and non-limiting examples of activated carbonates 
include bis(o-methoxycarbonylphenyl)carbonate, bis(o 
chlorophenyl)carbonate, bis(o-nitrophenyl)carbonate, bis(o 
acetylphenyl)carbonate, bis(o-phenylketonephenyl)carbon 
ate, bis(o-formylphenyl)carbonate, and bis(o-cyanophenyl) 
carbonate. Unsymmetrical combinations of these structures, 
Where the substitution number and type on A and A' are 
different, are also possible to employ in the current invention. 
A preferred structure for an activated carbonate is an ester 
substituted diarylcarbonate having the structure: 

wherein R1 is independently at each occurrence a Cl-C2O 
alkyl radical, C4-C2O cycloalkyl radical, or C4-C2O aromatic 
radical; R2 is independently at each occurrence a halogen 
atom, cyano group, nitro group, Cl-C2O alkyl radical, C4-C2O 
cycloalkyl radical, C4-C2O aromatic radical, Cl-C2O alkoxy 
radical, C4-C2O cycloalkoxy radical, C4-C2O aryloxy radical, 
Cl-C2O alkylthio radical, C4-C2O cycloalkylthio radical, 
C4-C2O arylthio radical, Cl-C2O alkylsul?nyl radical, C4-C2O 
cycloalkylsul?nyl radical, C4-C2O arylsul?nyl radical, C 1 -C20 
alkylsulfonyl radical, C4-C2O cycloalkylsulfonyl radical, 
C4-C2O arylsulfonyl radical, Cl-C2O alkoxycarbonyl radical, 
C4-C2O cycloalkoxycarbonyl radical, C4-C2O aryloxycarbo 
nyl radical, C2-C6O alkylamino radical, C6-C6O cycloalky 
lamino radical, C5-C6O arylamino radical, Cl-C4O alkylami 
nocarbonyl radical, C4-C4O cycloalkylaminocarbonyl radical, 
C4-C4O arylaminocarbonyl radical, or C 1 -C20 acylamino radi 
cal; and b is independently at each occurrence an integer 0-4. 
At least one of the substituents COZRl is preferably attached 
in an ortho position relative to the carbonate group. 
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Examples of preferred ester-substituted diarylcarbonates 
include but are not limited to bis(methylsalicyl)carbonate 
(CAS Registry No. 8209 1 - 12- 1), bis(ethyl salicyl)carbonate, 
bis(propyl salicyl) carbonate, bis(butylsalicyl) carbonate, bis 
(benZyl salicyl)carbonate, bis(methyl 4-chlorosalicyl)car 
bonate and the like. Typically bis(methylsalicyl)carbonate is 
preferred for use in melt polycarbonate synthesis due to its 
preparation from less expensive raW materials, loWer molecu 
lar Weight and higher vapor pressure. 
One method for determining Whether a certain diarylcar 

bonate is activated or is not activated is to carry out a model 
transesteri?cation reaction betWeen the certain diarylcarbon 
ate With a phenol such as para-cumyl phenol. This phenol is 
preferred because it possesses only one reactive site, pos 
sesses a loW volatility and possesses a similar reactivity to 
bisphenol-A. The model transesteri?cation reaction Was car 
ried out at temperatures above the melting points of the cer 
tain diarylcarbonate and para-cumyl phenol and in the pres 
ence of a transesteri?cation catalyst, Which is usually an 
aqueous solution of sodium hydroxide or sodium phenoxide. 
Preferred concentrations of the transesteri?cation catalyst are 
about 0.001 mole % based on the number of moles of the 
phenol or diarylcarbonate. And a preferred reaction tempera 
ture is 200 C. But the choice of conditions and catalyst con 
centration can be adjusted depending on the reactivity of the 
reactants and melting points of the reactants to provide a 
convenient reaction rate. The only limitation to reaction tem 
perature is that the temperature must be beloW the degrada 
tion temperature of the reactants. Sealed tubes can be used if 
the reaction temperatures cause the reactants to volatiliZe and 
effect the reactant molar balance. The determination of the 
equilibrium concentration of reactants is accomplished 
through reaction sampling during the course of the reaction 
and then analysis of the reaction mixture using a Well-knoWn 
detection method to those skilled in the art such as HPLC 
(high pressure liquid chromatography). Particular care needs 
to be taken so that reaction does not continue after the sample 
has been removed from the reaction vessel. This is accom 
plished by cooling doWn the sample in an ice bath and by 
employing a reaction quenching acid such as acetic acid in the 
Water phase of the HPLC solvent system. It may also be 
desirable to introduce a reaction quenching acid directly into 
the reaction sample in addition to cooling the reaction mix 
ture. A preferred concentration for the acetic acid in the Water 
phase of the HPLC solvent system is 0.05% (v/v). The equi 
librium constant can be determined from the concentration of 
the reactants and product When equilibrium is reached. Equi 
librium is assumed to have been reached When the concen 
tration of components in the reaction mixture reach a point of 
little or no change on sampling of the reaction mixture. The 
equilibrium constant can be determined from the concentra 
tion of the reactants and products at equilibrium by methods 
Well knoWn to those skilled in the art. A diarylcarbonate 
Which possesses an equilibrium constant of greater than 1 is 
considered to possess a more favorable equilibrium than 
diphenylcarbonate and is an activated carbonate, Whereas a 
diarylcarbonate Which possesses an equilibrium constant of 1 
or less is considered to possess the same or a less favorable 
equilibrium than diphenylcarbonate and is considered not to 
be activated. It is generally preferred to employ an activated 
carbonate With very high reactivity compared to diphenylcar 
bonate When conducting transesteri?cation reactions. Pre 
ferred are activated carbonates With an equilibrium constant 
greater than at least 10 times that of diarylcarbonate. 
Some non-limiting examples of non-activating groups 

Which, When present in an ortho position relative to the car 
bonate group, Would not be expected to result in activated 
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12 
carbonates are alkyl and cycolalkyl. Some speci?c and non 
limiting examples of non-activated carbonates are bis(o-me 
thylphenyl)carbonate, bis(p-cumylphenyl)carbonate, and bis 
(p-(l ,1 ,3 ,3 -tetramethyl)butylphenyl)carbonate. 
Unsymmetrical combinations of these structures are also 
expected to result in non-activated carbonates. 

Unsymmetrical diarylcarbonates Wherein one aryl group is 
activated and one aryl is unactivated or de-activated Would 
also be useful in this invention if the activating group renders 
the diaryl carbonate still more reactive than diphenyl carbon 
ate. It should be noted that such unsymmetrical diaryl car 
bonates may function essentially as monofunctional chain 
stoppers on the time scales associated With the short reaction 
pro?les often used of bene?t in polymeriZations based on 
activated carbonates. 

A preferred ester-substituted diaryl carbonate is BMSC. 
Other preferred ester-substituted diaryl carbonates include 
bis-ethyl salicyl carbonate, bis-propyl salicyl carbonate, bis 
phenyl salicyl carbonate and bis-benZyl salicyl carbonate. 

C. Transesteri?cation Catalysts 

The method of the invention also comprises the step of 
introducing a catalyst to the melt reaction system to initiate a 
polymeriZation reaction. The catalyst may be introduced con 
tinuously, or may be introduced batchWise and may occur 
before, during or after the introduction of the dihydroxy com 
position or the activated carbonate to the melt react system. 

The catalyst used in the method of the present invention is 
a base, and preferably comprises at least one source of alka 
line earth ions or alkali metal ions, and/or at least one quater 
nary ammonium compound, a quaternary pho sphonium com 
pound or a mixture thereof. The source of alkaline earth ions 

or alkali metal ions being used in an amount such that the 
amount of alkaline earth or alkali metal ions present in the 
reaction mixture is in a range betWeen about 10'5 and about 
10-8 moles alkaline earth or alkali metal ion per mole of 
dihydroxy compound employed. 
The quaternary ammonium compound is selected from the 

group of organic ammonium compounds having the structure 

R21 Xe 

R20 _ R22 

R23 

Wherein Rzo-R23 are independently a Cl-C2O alkyl radical, 
C4-C2O cycloalky radical, or a C4-C2O aryl radical; and X- is 
an organic or inorganic anion. In one embodiment of the 
present invention anion X“ is selected from the group con 
sisting of hydroxide, halide, carboxylate, sulfonate, sulfate, 
formate, carbonate, and bicarbonate. 

Non-limiting examples of suitable organic ammonium 
compounds are tetramethyl ammonium hydroxide, tetrabutyl 
ammonium hydroxide, tetramethyl ammonium acetate, tet 
ramethyl ammonium formate and tetrabutyl ammonium 
acetate. Tetramethyl ammonium hydroxide is often preferred. 
The quaternary phosphonium compound is selected from 

the group of organic phosphonium compounds having the 
structure: 
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R25 X 

R24 _ R26 

1'87 

wherein R24-R27 are independently a Cl-C2O alkyl radical, 
C4-C2O cycloalkyl radical, or a C4-C2O aryl radical; and X- is 
an organic or inorganic anion. In one embodiment of the 
present invention anion X- is an anion selected from the 
group consisting of hydroxide, halide, carboxylate, sulfonate, 
sulfate, formate, carbonate, and bicarbonate. Suitable organic 
phosphonium compounds are illustrated by tetramethyl phos 
phonium hydroxide, tetramethyl phosphonium acetate, tet 
ramethyl phosphonium forrnate, tetrabutyl phosphonium 
hydroxide, and tetrabutyl phosphonium acetate (TBPA). 
TBPA is often preferred. 
Where X- is a polyvalent anion such as carbonate or sulfate 

it is understood that the positive and negative charges in the 
above structures are properly balanced. For example, Where 
RZO-R23 in structure VI are each methyl groups and X“ is 
carbonate, it is understood that X- represents 1/2 (CO3_2). 

Suitable sources of alkaline earth ions include alkaline 
earth hydroxides such as magnesium hydroxide and calcium 
hydroxide. Suitable sources of alkali metal ions include the 
alkali metal hydroxides illustrated by lithium hydroxide, 
sodium hydroxide and potassium hydroxide. Other sources of 
alkaline earth and alkali metal ions include salts of carboxylic 
acids, such as sodium acetate and derivatives of ethylene 
diamine tetraacetic acid (EDTA) such as EDTA tetrasodium 
salt, and EDTA magnesium disodium salt. Sodium hydroxide 
is often preferred. 

In order to achieve the formation of polycarbonate using 
the method of the present invention an effective amount of 
catalyst must be employed. The amount of catalyst employed 
is typically based upon the total number of moles of the total 
dihydroxy compounds employed in the polymeriZation reac 
tion. When referring to the ratio of catalyst, for example 
phosphonium saltVII, to all dihydroxy compounds employed 
in the polymeriZation reaction, it is convenient to refer to 
moles of phosphonium salt per mole of the ?rst and second 
dihydroxy compounds combined, meaning the number of 
moles of phosphonium salt divided by the sum of the moles of 
each individual dihydroxy compound present in the reaction 
mixture. The amount of organic ammonium or pho sphonium 
salts employed typically Will be in a range betWeen about 
1x10‘2 and about l><l0_5, preferably betWeen about 1x10-3 
and about l><l0_4 moles per mole of the dihydroxy com 
pounds combined. The inorganic metal hydroxide catalyst 
typically Will be used in an amount corresponding to betWeen 
about 1x10“4 and about 1x 1 0'8, preferably 1x10“4 and about 
l><l0_7 moles of metal hydroxide per mole of the dihydroxy 
compounds combined. 

D. Diacids and Diesters 
If the method of the invention is used to make a poly 

(carbonate-co-ester), a diacid or diester is also included in the 
transesteri?cation reaction. Speci?c examples of diacids and 
diesters that can be used in the method of the invention 
include Without limitation: aromatic diacids such as 2,6 
nathalene dicarboxylic acid, aliphatic diacids such as suc 
cinic acid, or a cycloaliphatic diacid such as 1,7-cyclodode 
canedioic acid. The diacid employed may have structure: 

HOOCiR2O4COOH 
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Wherein R20 is a C4-C3O aromatic radical, a Cl-C4O ali 

phatic radical, or a C5-C3O cycloaliphatic radical. Speci?c 
examples of diacids of this formula include terephthalic acid; 
isophthalic acid; l,4-cyclohexanediacrboxylic acid; hex 
anedioic acid; octanedioic acid; decanedioic acid; dode 
canedioic acid; tetradecanedioic acid; hexadecanedioic acid; 
octadecanedioic acid; cis 9-octenedioic acid; alpha-nonylde 
canedioic acid; alpha-octylundecanedioic acid; and hydroge 
nated dimer acid. Ester of these acids, for example loWer alkyl 
esters such as methyl or ethyl esters may also be used. 

Preferred diacids and diesters for use in the present inven 
tion include: terephthalic acid or esters thereof and isoph 
thalic acid or esters thereof. 

E. Chainstoppers 
Chainstoppers useful in the present invention are mono 

functional compounds that react in place of the dihydroxy 
compound to terminate a groWing chain. In general, chain 
stoppers may be aliphatic or aromatic monohydroxy com 
pounds that meet the folloWing criteria (1) they are stable at 
the reaction conditions for polycarbonate formation; (2) they 
do not contain reactive groups other than the hydroxy sub 
stituent that Will provide sites for further reaction, including 
the formation of additional bonds, cross-linkages or the like 
under the reaction conditions for polycarbonate formation, 
and (3) they do not contribute any undesired color to the 
product polycarbonate as formed or after Weathering or 
aging. The monofunctional chainstopper may also be a mono 
acid or a mono-ester that reacts to terminate a groWing chain. 
In other embodiments, the monofunctional chainstopper is an 
asymmetric carbonate, in Which one substituent is activated 
to provide greater reactivity. 

Non-limiting examples of aliphatic chainstoppers include 
C1 to C36 linear or branched aliphatic alcohols, acids or 
esters such as methanol, ethanol, propanol, lauric acid, myris 
tic acid, palmitic acid, stearic acid, arachidic acid, behenic 
acid, lignoceric acid, eicansoic acid, and the alkyl or aryl 
esters of these acids such as methyl salicyl stearate or phenyl 
stearate. 

Non-limiting examples of aromatic chainstoppers are phe 
nolic chainstopper of the formula 

Where each substituent R is independently selected from the 
group consisting of alkyl, aryl, and alkaryl having from 1 to 
30 carbon units, and hydrogen; and x is an integer between 1 
and 5; but the substituent R is not an ester or other strongly 
activating or electron-Withdrawing substituent. Speci?c 
examples of aromatic chainstoppers are include phenol, para 
cumyl phenol, benZoic acid, alkyl or aryl esters of benZoic 
acid and alkyl or aryl-substituted benZoic acids; and alkyl or 
aryl substituted phenols such as tert-butyl phenol, octylphe 
nol, nonylphenol. 
Formation of Polycarbonate 

FIG. 2 shoWs the normal reaction in the production of 
polycarbonate using a dihydroxy compound and BMSC as 
the ester-substituted diaryl carbonate. In the ?rst step, the 
‘OH (or 0‘) end group on a monomer or polycarbonate 
oligomer or polymer chain (PC4OH) reacts With BMSC to 
form a monomer, oligomer or polycarbonate terminated With 
a terminal methyl salicyl carbonate (TMSC) and methyl sali 
cylate (MS). The PC-TMSC molecule in turn reacts With the 



US 7,498,400 B2 
15 

iOH (or 0') end group of another monomer or a growing 
oligomer or polymer chain to form polycarbonate PC and 
another molecule of methyl salicylate. Note that the other end 
group of the PC in this reaction is not speci?ed and thus it can 
also be a site for additional chain extension. Thus, the reaction 
shoWn in FIG. 2 is not a chain-groWth terminating event, 
unless the unspeci?ed ends of the PCiOH are capped. 

FIGS. 3A and B shoW side reactions through Which by 
products can occur during the process of FIG. 2. In FIG. 3A, 
the by-product MS reacts With a terminal iOH or O“ to yield 
a polymer With a salicylate end group (Sal-OH) and metha 
nol. In FIG. 3B, the product of the reaction from FIG. 3A 
reacts With BMSC to form a TMSC group With an internal 
salicylate residue (ISC-TMSC). Sal-OH can also react With 
the intermediate TMSC product of FIG. 2 to form polycar 
bonate With internal salicylate structures (ISC). 

In addition to the reaction shoWn in FIG. 2, TMSC can also 
react With another TMSC to form longer chains and methyl 
salicylate shoWn in FIG. 4. This reaction occurs particularly 
under hydrolyZing conditions, such as When a polycarbonate 
it is molded at elevated temperature, and results in changes in 
properties and release of volatiles. Such changes are gener 
ally undesirable. While not intending to be bound by any 
particular mechanism, this is believed to be a result of the 
hydrolytic degradation of the ester bond of the internal salicyl 
carbonate group (ISC) and consequent chain scission and 
molecular Weight reduction. 

The present application provides methods for making 
polycarbonates that decreases the number of chains termi 
nated With alkyl salicyl carbonates. This results in a reduction 
in both the content of internal salicyl carbonate groups and 
their ester linkages and in the amount of terminal alkyl sali 
cylate carbonate (TASC) end groups in the ?nal product. Prior 
to Applicants efforts as described herein, it Was not appreci 
ated that internal salicyl carbonate and its ester linkages or 
TASC end groups Were detrimental. In fact, U.S. Pat. Nos. 
5,696,222, 6,252,036 and 6,303,734 disclose the intentional 
creation of terminal methyl salicyl carbonate (TMSC) end 
groups to take advantage of the greater reactivity of BMSC, 
for example, as compared to diphenyl carbonate (DPC). 

Method of Making Polycarbonate With Addition of Monohy 
droxy Chainstopper 

The method of the present invention provides a method for 
making polycarbonate comprising reacting a dihydroxy reac 
tion component With a carbonate reaction component in the 
presence of an esteri?cation catalyst to produce a polycar 
bonate, Wherein 

(a) the carbonate reaction component comprises an ester 
substituted diaryl carbonate, and 

(b) a monohydroxy chainstopper is added in an amount 
effective to yield a polycarbonate in Which from 35 to 65% of 
the total number of end groups are derived from the mono 
hydroxy chainstopper. This effective amount depends on the 
reaction conditions, including the time, temperature and pres 
sure at Which the reaction is carried out, and the amount of the 
relative amounts of the monohydroxy chainstopper and acti 
vated diaryl carbonate employed. 

The amount of monohydroxy compound to be added for a 
given set of reaction conditions may be determined empiri 
cally by running the reaction at various starting levels of 
monohydroxy chainstopper and determining the mol % of 
end groups derived from the monohydroxy chainstopper in 
the product. This determination is described beloW. In gen 
eral, suitable starting amounts of monohydroxy chainstopper 
to achieve this end result are amounts of from 0.1 to 4 mole % 
relative to the total diol content of the monomer formulation 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
for making the polymer, in one embodiment betWeen 1 and 3 
mole %, and in another embodiment betWeen 1.2 and 2.8 
mole %. The optimum level of chainstopper Will depend 
someWhat on the desired molecular Weight of the polymer, 
the properties of the chainstopper, and the process conditions. 
The number of end groups per unit mass of polymer inher 
ently decreases as the number average molecular Weight of 
the polymer increases. As a result the number of chains avail 
able to be chainstopped decreases as the molecular Weight of 
the polymer increases. Therefore one Will typically add lesser 
amounts of chainstopper relative to the total diol content for 
polymers having higher targeted molecular Weights. In addi 
tion, it may be necessary to add more chainstopper, for 
example, if a loWer molecular Weight chainstopper is used 
and it is partially lost due to devolatiZation under the vacuum 
conditions of the process or if the chainstopper has limited 
reactivity under reaction conditions typically used With acti 
vated carbonates, for example, in the case of monofunctional 
acids or alkyl esters. As discussed in other sections of this 
description, some chainstopped end groups are inherently 
produced in this production method due to side reactions such 
as alcoholysis. The amount of such inherent chainstopped end 
groups Will generally increase With residence time and tem 
perature and catalyst loading. In practice, one can do a 
“blank” production run in the absence of any chainstopper, 
then measure the amount of available end groups to be chain 
stopped (the salicyl carbonate end groups) under these pro 
cess conditions, and then carry out subsequent production 
runs under these same process conditions in Which one adds 
the chainstopper in a molar amount that is about 40 to about 
60% of the salicyl carbonate end group content of the polymer 
produced in the “blank” production run. 

In a preferred embodiment of the invention, the product 
polymer has end groups derived from the activated diaryl 
carbonate and from the chainstopping reagent at a combined 
total level of betWeen 40 and 66% of the total end groups. 

In an embodiment of the method of the invention, the 
desired level of endcapping is achieved by using a molar ratio 
of activated diaryl carbonate to the total of dihydroxy com 
pound plus 1/2 the chainstopping reagent that is less than 1 
When expressed to at least three decimal places, for example 
0.996 or less. In speci?c embodiments, the ratio is betWeen 
0.962 and 0.996, for example betWeen 0.968 and 0.996. In 
another speci?c embodiment, the ratio is betWeen 0.971 and 
0.994. 
The method of the invention can also be used to make 

poly(carbonate-co-esters) through the inclusion of diesters or 
diacids. One skilled in the art Will recogniZe that the presence 
of these additional components needs to be taken into account 
When calculating the stoichiometric ratio of diaryl carbonate 
to dihydroxy compound. For example, one mole of diester 
Will generally substitute for one mole of diaryl carbonate in 
the ratio calculation, Whereas one mole of diacid Will gener 
ally substitute for one mole of dihydroxy compound. As 
disccused in more detail in another section, one skilled in the 
art Will understand that the substitution may not be exactly 1 
to 1, and it may depend slightly on such factors as the degree 
of monomer purity and volatility of the monomer (e.g. is a 
monomer actual partially lost due to devolatiZation during the 
process). In addition, a non-activated diester may have so 
much sloWer reactivity than an activated carbonate that it 
might actually act to some extent as a chain stopper or even 
inert component under some process conditions. 

In addition, some small amount of non-activated carbonate 
or unsymmetrical diaryl carbonates having one activated aryl 
group may be substituted for the activated carbonate in the 
calculation of the stoichiometric ratio. HoWever the reactivity 
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of such carbonates Will be slower than those of the activated 
carbonates. Therefore although they Would not affect the 
stoichiometric ratio of the reaction and thus the end group 
type and molecular Weight at full conversion, in practice their 
reduced reaction kinetics may actually cause them to act to 
some extent as chainstoppers or inert components in this 
process. The method of reaction may be performed using any 
knoWn transesteri?cation reaction protocol, including With 
out limitation melt transesteri?cation (also knoWn as melt 
condensation) and solid state polymerization. The melt reac 
tion may be done in a reactor train, an extruder or reactor/ train 
combination and in a continuous, semi-continuous or batch 
process. The polymerization may conveniently be carried out 
in a tWo stage process, namely oligomerization folloWed by 
polymerization. It may be desirable to limit exposure of the 
reactants to high temperatures and long holding times in any 
monomer melt-up, monomer melt mixing or oligomerization 
stages. Further, it is advantageous during the polymerization 
to effectively devolatize residual materials such as MS. By 
Way of example, melt transesteri?cation processes are 
described in Us. Pat. Nos. 5,026,817, 5,221,761, 5,412,061 
and 6,569,985; and solid state polymerization processes are 
described in Us. Pat. Nos. 6,960,641 and 6,518,391. 

In a melt process in accordance With the invention, the 
dihydroxy compounds or polycarbonate oligomers are 
reacted With the ester-substituted diaryl carbonate. The melt 
process generally involves a base-catalyzed condensation 
polymerization of, for example, diphenyl carbonate and a 
dihydroxy compound such as Bisphenol A. The reaction is 
conducted at high enough temperatures for the starting mono 
mers and product to remain molten, While the reactor pres sure 
is staged in order to effectively remove phenol, the by-product 
of the polycondensation reaction. Most current melt technol 
ogy programs employ a tWo component catalyst system. The 
?rst component is a tetralkylammonium hydroxide (TMAH) 
co-catalyst Which is used to initiate oligomer formation in the 
melt. The second catalyst is an alkali metal hydroxide (i.e., 
the “(x-catalyst”) Which is the second part of the overall cata 
lyst system. Due to its intrinsic thermal stability and loW 
volatility, the alkali metal salt must be quenched at the end of 
the polymerization using this catalyst. 

In a solid state polymerization process, a precursor poly 
carbonate, typically a relatively loW molecular Weight oligo 
meric polycarbonate, is prepared by the melt reaction of a 
diaryl carbonate such as diphenyl carbonate With a dihydroxy 
compound such as bisphenol A. In the preparation of bisphe 
nol A polycarbonate oligomers, a diaryl carbonate such as 
diphenyl carbonate is heated together With bisphenol A in the 
presence of a catalyst such as sodium hydroxide While remov 
ing phenol. Phenol is formed as a by-product of the transes 
teri?cation reaction betWeen phenolic groups of the groWing 
polymer chains and diphenyl carbonate or phenyl carbonate 
polymer chain end-groups. In the oligomer preparation, 
either an excess of diaryl carbonate or an excess of dihydroxy 
compound may be employed. This oligomerization reaction 
is typically carried out under reduced pressure to facilitate the 
orderly removal of the phenol by-product. When the desired 
level of oligomerization has been achieved the reaction is 
terminated and the product oligomeric polycarbonate is iso 
lated. The oligomeric polycarbonate so produced is amor 
phous and must be partially crystallized in order to be suitable 
for solid state polymerization. 

The oligomeric polycarbonate may be partially crystal 
lized by one of several methods, such as exposure of poW 
dered or pelletized oligomer to hot solvent vapors, or disso 
lution of the amorphous oligomer in a solvent such as 
methylene chloride and thereafter adding a solvent such as 
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methanol or ethyl acetate to precipitate crystalline oligomeric 
polycarbonate. Typically, such solvent vapor or liquid solvent 
crystallization methods result in partially crystalline oligo 
meric polycarbonates having a percent crystallinity betWeen 
about 20 and about 40 percent as measured by differential 
scanning calorimetry. A percent crystallinity in this range is 
usually su?icient for the oligomeric polycarbonate to 
undergo solid state polymerization Without fusion of the pel 
lets or poWder being subjected to SSP. In addition to solvent 
induced crystallization, oligomeric bisphenol A polycarbon 
ate has been crystallized by dissolving BMSC or other acti 
vated carbonate in molten amorphous polycarbonate oligo 
mer folloWed by cooling the mixture to ambient temperature 
to afford partially crystalline polycarbonate as a mixture With 
BMSC or other activated carbonate. Finally, amorphous oli 
gomeric polycarbonates have been crystallized by prolonged 
heating at a temperature beloW the melting point of the par 
tially crystalline polycarbonate. HoWever, such thermally 
induced crystallization is quite sloW relative to the aforemen 
tioned crystallization methods. In the method of the inven 
tion, an understoichiometric amount of BMSC or other acti 
vated carbonate is used in preparing the polymer. Therefore 
either polycarbonate oligomers having free OH end groups 
are reacted With an understoichiometirc amount of BMSC or 

other activated carbonate in the SSP stage, or else polycar 
bonate oligomers having carbonate end groups are reacted 
With bisphenol A or another dihydroxy compound having OH 
end groups in the SSP stage. 
The partially crystalline oligomeric polycarbonate in a 

solid form such as a poWder, particulate or pellet is then 
heated under solid state polymerization conditions at a tem 
perature beloW the sticking temperature or melting point of 
the oligomeric polycarbonate, but above the glass transition 
temperature of the partially crystalline oligomeric polycar 
bonate, and the volatile by-products formed as chain groWth 
occurs, phenol, diphenyl carbonate and the like, are removed. 
The polycondensation reaction Which converts the loW 
molecular Weight oligomer to high polymer is effected in the 
solid state under these conditions. 
The polymerization can utilize any knoWn catalyst, includ 

ing Without limitation those in the list set forth above. In 
certain embodiments, the catalyst is a tWo part catalyst system 
such as tetramethylammonium hydroxide (TMAH)/sodium 
hydroxide. In this case, the levels of the alpha catalyst (typi 
cally sodium) is suitably used at a concentration of 1 to 40 
mEq/mol of total dihydroxy compound, for example betWeen 
2 and 20 mEq/mol, or betWeen 4 and 10 mEq/mol. 

In one embodiment of the invention, the method is carried 
out at a “reverse ratio” With respect to conventional stoichi 
ometry. Thus, in this embodiment of the invention, the dihy 
droxy reaction component is present in a molar excess rela 
tive to the carbonate reaction component. One skilled in the 
art Will understand that the occurrence of any hydrolysis 
reactions, presence of impurities, monofunctional species 
such as chainstoppers, and other monomers such as diacids 
and diols Will be taken into account in calculating this sto 
ichiometric ratio. For example, as detailed in concurrently 
?led U.S. patent application Ser. No. 11/427,861, Which is 
incorporated herein by reference, the molar ratio of ester 
substituted diaryl carbonate to dihydroxy compound is less 
than 1, When considered to an accuracy of three decimal 
places. For example, the molar ratio is suitably 0.996 or less. 
In speci?c embodiments, the ratio is betWeen 0.962 and 
0.996, for example betWeen 0.968 and 0.996. In another spe 
ci?c embodiment, the ratio is betWeen 0.971 and 0.994. 

In the art, the molar ratio of ester-substituted diaryl carbon 
ate to dihydroxy compound has conventionally been close to, 



US 7,498,400 B2 
19 

but always slightly greater than 1. Surprisingly, as demon 
strated in the examples below, although the numerical differ 
ence in the ratios of the present invention are not great as 
compared to these early examples, the use of the reverse ratio 
of less than 1 results in a signi?cant decrease in the amount of 
TMSC in the product polymer and thus achieves the goal of 
the present invention. 

In accordance With a preferred embodiment of the present 
invention, When the reverse ratio conditions described above 
are employed, a polycarbonate may be prepared having less 
than 0.5 mole % of terminal alkyl carbonate end groups, less 
than 1000 ppm of Fries rearrangement products, and free 
salicylate in the range of from 1 to 500 ppm, said polycar 
bonate containing free non-salicylate OH groups and carbon 
ate end groups of the formula 

Wherein X is one or more electron-Withdrawing groups in the 
ortho or para positions, and Wherein the free non-salicylate 
OH groups and carbonate end groups are present in a ratio of 
at least 0.1, for example greater than 0.2, 0.3, or 0.4, and 
Wherein the polycarbonate comprises end groups that are 
residues of a monofunctional chainstopper, and Wherein the 
carbonate end groups and the end groups that are residues of 
the chainstopper are present at a combined total level of 
betWeen 40 and 66 mol % of the total end groups. 

Determination of mol % end Groups 
As noted above, the term “end groups” refers to the termi 

nal groups on the ends of chains of the polycarbonate. The 
mol % of an end-group or type of end-group is expressed as a 
mole percentage of the total amount of dihydroxy compound 
incorporated in the polymer. There are several Ways of mea 
suring this quantity. For example, end groups may be ana 
lyZed by either spectroscopic means or by total hydrolysis of 
a polymer folloWed by analysis of the various constituent 
units. Spectroscopic methods include vibrational spectros 
copy such as infrared or Raman spectroscopy and nuclear 

magnetic resonance (NMR) spectroscopy. Such methods and 
their application to the qualitative and quantitative analysis of 
polymers are described in more detail in Spectroscopy of 
Polymers by J. Koenig (ISBN 0-8412-1904-4) and Modern 
Polymer Spectroscopy by G. Zerbi (ISBN 3527296557), both 
of Which are hereby incorporated by reference. 
Of these methods, NMR spectroscopy is the preferred one 

because it alloWs an unambiguous structural assignment. It 
Will be understood by one skilled in the art that the NMR 
resonances in an NMR spectrum may be assigned to speci?c 
structural features of a polymer by using one or more methods 
including: comparison of the observed chemical shifts With 
those observed for analogous loW-molecular Weight model 
compounds, calculation of chemical shifts by using derived 
additivity relationships (particularly for 13 C NMR), synthesis 
of polymers With knoWn speci?c structural or compositional 
features to establish the particular resonance-structure rela 
tionships, synthesis of polymers With selectively enriched 
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13 C sites or having deuterium selectively substituted for pro 
tons, comparison of the intensities of structural sequences 
With those intensities predicted based on models of the poly 
meriZation kinetics and statistical distributions, various l-di 
mensional (l-D) spectral-editing methods such as the selec 
tive-spin-decoupling used for the determination of the proton 
bonding of carbon atoms, and various tWo-dimensional (2-D) 
techniques for determining the coupling betWeen nuclei and 
to reveal the chemical shifts of the nuclei. The chemical 
bonding betWeen the various constituent atoms can often be 
inferred from the 1H and 13C chemical shifts and from the 
spin-spin coupling betWeen nuclei. One skilled in the art Will 
understand that each of these techniques has their limitations 
and that it is often necessary to use a combination of these 

techniques, as Well as other physical and chemical methods as 
needed. 

If the polymer is soluble, high-resolution solution NMR 
spectra can generally be obtained. Because high polymer 
solution viscosities may shorten relaxation times and thus 
broaden line Widths, one skilled in the art Will understand that 
various standard methods may be applied to obtain high 
resolution NMR spectra, for example, the polymer solution 
may be diluted or the measurement temperature increased, or 
a higher magnetic ?eld strength may be applied. One skilled 
in the art Will appreciate that the choice of solvent is impor 
tant. Preferred solvents Will be magnetically isotropic and 
Will be inert and therefore not interact strongly With the poly 
mer (eg no hydrogen-bonding interactions betWeen the sol 
vent and the polymer and no degradation of the polymer by 
the solvent). In addition preferred solvents Will not contain 
functional groups that blank out regions of the NMR spec 
trum. Preferred solvents Will include deuterated chloroform 
(CDCl3), and the deuterated form of tetrachloroethane. If 
necessary the deuterated form of other solvents such as dim 

ethyl sulfoxide, benZene, pyridine, acetone, and dioxane may 
also be used if they do not interact strongly With the polymer 
or degrade it. In the case of 13 C NMR spectra, additives such 

as Chromium (III) acetylacetonate (also knoWn as chromium 
(III) pentanedionate or Cracac) may be used to reduce both 
the Tl-relaxation times and the Nuclear Overhauser Effect 

(NOE). 
If the polymer is not soluble, various methods Well-knoWn 

in the art may be applied in order to obtain a high resolution, 
narroW lineWidths, and enhanced sensitivity in solid-state 
NMR polymer spectra. For example, one skilled in the art Will 
appreciate that the techniques of high-poWer decoupling 
(DD), magic angle spinning (MAS), and cross-polarization 
(CP) may be applied. One skilled in the art Will appreciate that 
solution NMR methods Will be greatly preferred for quanti 
tative analysis Whenever possible. 

These and all of the other various aspects in obtaining and 
interpreting NMR spectra of polymers are described in more 
detail in NMR Spectroscopy of Polymers, Edited by R. N. 
Ibbett (ISBN 075140005X), NMR Spectra of Polymers and 
Polymer Additives by A. J. Brandolini and D. D. Hills (ISBN 
0824789709), NMR Spectroscopy of Polymers by K. Hatada 
and T. Kitayama (ISBN 3540402209), and Instrumental 
Analysis by G. D. Christian and J. E. O’Reilly (ISBN 0-205 
08640-3), all of Which are hereby incorporated by reference. 

In the NMR analysis of end group type and content, both 
1H-NMR and 13 C-NMR may be employed, but lH-NMR is 
















